Abstract. The aim of the work was to improve fertilisation recommendations for winter barley by investigating the effect of basic nitrogen (N) fertilisation (0, 40, 80, 120 kg ha -1 year -1 ) on the nutritional status of this crop in a long-term mineral fertilisation experiment involving clearly distinct nutrient supply levels and by determining limiting values indicative of a satisfactory level of nutrition for nitrogen (N), phosphorus (P), potassium (K), sodium (Na), calcium (Ca) and magnesium (Mg) concentrations. Rising N supply levels gradually increased the N content of the aboveground organs of barley, reaching a maximum (4.11-5.61 N%) at the 120 kg N ha -1 dose. On this soil, which was well supplied with phosphorus, higher N levels only resulted in a significant increase in the P content of barley in two years. The soil was also well supplied with potassium, N fertilisation enhanced the K concentrations of winter barley at tillering in most years, but generally had no influence on the Na, Ca and Mg content of barley. In the tillering phase the nutritional status of barley was satisfactory at the following concentrations: 3.70-5.80 N%, 0.45-0.75 P%, 3.50-5.02 K%, 0.20-0.60 Na%, 0.40-0.60 Ca% and 0.18-0.30 Mg%.
Introduction
Investigations on the nutritional status of winter barley and the determination of limiting values for nutrient supply levels for use in diagnostic plant analysis have been an important area of fertilisation research for many decades, but few papers have been published in this field in recent years.
Although applying more nitrogen (N) helps achieve the desired yield (West et al., 2016; Mazur and Mazur, 2015) , but results in greater levels of environmental pollution (Wang et al., 2016) . According to various authors (Dobermann, 2005 ; Sebilo et al., 2013) 30-65% of the applied N fertilizer is taken up by crops. In the opinion of Roberts (2008) nutrient loss to the environment is only a concern when fertilizers or manures are applied at rates above agronomic need. The rate of uptake and partition of N is largely determined by supply and demand during various stages of plant growth. The N is needed for early tiller development of barley to set up the crop for high yield potential (Shafi et al., 2011) . The N fertilisation of winter barley should be based on soil and plant analysis. Soil analysis is generally carried out prior to sowing, but a combination of monitoring the mineral N content (N min ) during the vegetation period and plant analysis is rarely applied in Hungary. Plant analysis is of outstanding importance in checking the nutritional status of the crop, and its efficiency improves with the number of nutrients analysed (Németh et al., 2010) . Plant analysis can play a major role when diagnosing mineral nutrition problems (Munson, 1998) . Comparing soil and plant analysis results can greatly assist in the interpretation (Jones, 1998) , but may have an adverse impact on the interpretation of plant analysis results (Munson, 1998) . The dilution effect makes the interpretation of plant analysis results difficult, but it can be taken into account by relating plant data to a certain stage of growth (Roy et al., 2006) . Mengel (1972) emphasised that if plant analysis is to be suitable for use in fertilisation recommendations, it is essential to determine the limiting concentrations representative of nutritional status, which is primarily the task of scientists (Németh et al., 2010; Izsáki, 2014) . The optimum values for individual plant species are given, as the physiological requirements of the plant are similar in all regions and soils, only fluctuating over a narrow range (Kádár, 1992) . It was suggested by Tarnawa et al. (2017) that reference values should be determined not only for each species but also for each cultivar, but this is complicated by the large choice of cultivars, the frequent changes in the cultivar grown and the time required to elaborate limiting values for nutrient supply levels (Izsáki, 2015) . Various authors (Reuter and Robinson, 1997; Elek and Kádár, 1980) give a fairly wide range of limiting values (2.50-5.25%) for satisfactory N supplies to winter barley during the tillering phenophase. When judging the nutritional status of winter barley it is not sufficient to determine the N concentration; interactions between N and other nutrients should also be investigated, together with the various nutrient ratios. These were considered by Kádár and Lásztity (1981) to be the key components of plant analysis. In classical papers on plant analysis, nutrient content was regarded as the quantitative and nutrient ratios as the qualitative indicator of nutritional status (Németh et al., 2010; Kádár and Lásztity, 1981) . Various interactions can be detected in the course of N nutrition, of which the N/phosphorus (P), N/potassium (K), N/magnesium (Mg), N/calcium (Ca) and N/copper (Cu) ratios are the most important (Németh et al., 2010; Armstrong, 1998 ; Debreczeniné and Sárdi, 1999; Usherwood and Segars, 2001 ). The interaction between N and other nutrients is still controversy among the reports available (Shah et al., 2017) . Relatively few papers have been published on the N nutritional status and nutrient interactions of winter barley at tillering, and these cannot be regarded as up-to-date results due to the rapid genetic gain achieved by developments in breeding.
The aim of this paper was to describe the effect of N supply levels on the nutrient content of winter barley at tillering and on interactions between the nutrients, based on long-term mineral fertilisation experiments, and to determine limiting values for nutrient supply levels, which can be used to judge the nutritional status of winter barley in the tillering phase.
Materials and methods

Long-term mineral fertilisation experiment
The long-term mineral fertilisation experiment was set up at the Experimental Station of the Faculty of Economic, Agricultural and Health Sciences of Szent István University in Hungarian Great Plain, Szarvas, Hungary in 1989 (Fig. 1) (Buzás et al., 1979) , was medium-good for nitrogen (N), good for phosphorus (P), potassium (K), copper (Cu) and zink (Zn), and very good for magnesium (Mg) and manganese (Mn). The experiment included every possible combination (4 3 ) of four levels each of three factors (N, P and K fertilisation), giving a total of 64 treatments arranged in a split-split plot design with three replications. Within the three true replications, the N fertiliser treatments were present in 48 internal replications and the P treatments in 16. 
Experimental factors and treatments
Factor A (K fertilisation) involved the following treatments: The N basic fertiliser and top-dressing was applied in the form of ammonium nitrate (34%), the P as superphosphate (18%) and the K as potassium chloride (40 or 60%).
Crop management
Each year four crops were sown in a full crop rotation on 4 × 192 plots, where the area of the main plots was 320 m², the subplots 80 m² and the sub- Other plant protection measures were carried out when necessary. Topdressing was applied on a single occasion at the end of tillering after plant sampling. The winter barley was harvested at full maturity using a plot combine at the end of June.
Weather conditions
The weather conditions during the growing season are presented in Table 1 . In the 17 th year of the long-term experiment (2005/2006) the rainfall quantity (379 mm) was slightly higher than the long-term mean (362 mm), while the mean temperature (6.9 °C) was lower than the long-term mean (7.5 °C). In the year with the least favourable weather (2006/2007) the total rainfall was 69 mm less than the longterm mean while the mean temperature was 2.7 °C higher. rainfall quantity and the mean temperature were close to the long-term mean (370 mm and 8.4 °C). The wettest growing season was the 22 nd year of the experiment, with 73 mm more rain than the long-term mean and a mean temperature 0.7 °C higher than the mean. In the 2011/2012 growing season the temperature was similar to the longterm mean, while the rainfall quantity (230 mm) was well below the mean.
Soil contents
The K 2 O and P 2 O 5 contents of the soil were determined using the AL method (Hungarian standard MSZ 20135:1999). When evaluating the results, the K and P values recorded in the ploughed (30 cm) layer were used to represent the K and P supply levels in the soil. The K and P supply levels given for the various years are those recorded in the autumn of the previous year ( Table 2 ). 
Plant samples
Plant samples were taken from 2 × 1 m on each plot at tillering (growth stage 4-5 on the Feekes scale), prior to N top-dressing, to determine the nutrient content of winter barley. The nutrients N, P, K, sodium (Na), calcium (Ca) and magnesium (Mg) were analysed in five years (2006-2008 and 2011-2012 ) from dried, ground samples of the complete aboveground plant organs. The nutrient contents were determined using the inductively coupled plasma optical emission spectrometry method (ICP-OES) after digestion with first nitric acid and then hydrogen peroxide (MSZ-08-1783-6:1983 3.1., MSZ-08-1783 -26-34:1985 , MSZ-08-1783 -36:1985 . The data are given in terms of dry matter. In the present paper is discussed the effect of basic N fertilisation.
Statistical analysis
Statistical analysis was performed by means of analysis of variance followed by Student's t-test and least significant differences (LSD) at the 0.05 probability level, using the SPSS program, version 15.
Envelope curves
Correlation analysis on the extensive database was performed by plotting data pairs for N concentration and grain yield in a coordinate system and envelope curves were drawn for each set of points (Izsáki, 2014; Helget, 2016; Izsáki, 2017 
Results
Effect of N supply levels on the macroelement content of winter barley
The effect of N basic fertiliser (N 0 = 0, N 1B = 40, N 2B = 80, N 3B = 120 kg ha -1 ) on the N, P and K contents of winter barley in the tillering phase, averaged over the P and K treatments, can be evaluated from the data presented in Table 3 . The effect of basic N fertilisation on the Na, Ca and Mg contents of winter barley in the tillering phase, averaged over the P and K treatments, can be seen from the data in Table 4 . For most field crops, Na is not one of the essential macroelements, but winter barley takes up almost as much Na as Mg, especially on solonetz soils well supplied with Na. In two of the five years N fertilisation was found to induce a significantly greater rate of Na incorporation compared with the N 0 treatment. The Na concentration in the tillering phase differed considerably in the different years, with values ranging from 0.19-0.41% in the N 3B (120 kg ha -1 N) treatment. The Ca content of barley exhibited a significant increase with better N supplies in three of the years. The Ca content was not greatly influenced by the year. On this soil, which is extremely well supplied with Mg, a slight but significant increase in Mg concentration as the result of N fertilisation could only be detected in one year. Depending on the year and the N supply level, the Mg content of barley at tillering ranged from 0. 17 
Correlations between nutrient concentrations and the yield
The experimental data revealed clear differences in the N concentration of barley leaves at tillering in the various N treatments. Diagnostic plant analysis is only of practical interest if a correlation exists between the leaf N concentration and the yield, allowing limiting values to be determined for the N nutritional status of winter barley. Based on the correlation between the leaf N concentration of winter barley in the tillering phase and the grain yield (Fig. 2) , the limiting value of satisfactory N supplies at a yield level of over 5.5 t ha -1 is 3.70-5.80 N%. (Szarvas, 2006 (Szarvas, -2008 (Szarvas, , 2011 (Szarvas, -2012 The limiting values for satisfactory supplies of the other macroelements were determined by plotting the P, K, Na, Ca and Mg concentrations associated with grain yield in a coordinate system and then reading off the macroelement concentrations corresponded to a yield level that was at least 90% of the maximum value (Figs. 3-7) . (Szarvas, 2006 (Szarvas, -2008 (Szarvas, , 2011 (Szarvas, -2012 (Szarvas, 2006 (Szarvas, -2008 (Szarvas, , 2011 (Szarvas, -2012 (Szarvas, 2006 (Szarvas, -2008 (Szarvas, , 2011 (Szarvas, -2012 
Figure 2. Relationship between the N-concentration of leaf at the tillering and the grain yield
Discussion
In a pot experiment on winter barley in the tillering phenophase, Kostadinova (2014) found that the application of mineral fertiliser at rates of 200 mg kg -1 P 2 O 5 and 200 mg kg -1 K 2 O without N fertiliser resulted in leaf N concentrations of 2.15%, which rose by more than 50% as the N supplies increased. Kádár and Csathó (2015) examined the effect of N fertilisation on the nutrient content of winter barley at tillering in a soil containing 128 mg kg -1 AL-P 2 O 5 and 243 mg kg -1 AL-K 2 O and reported that without N fertilisation the leaf N content was 1.86%, which rose significantly to 3.03% at a dose of 200 kg ha -1 N, tending to decline again at the maximum dose of 300 kg ha -1 N. In the opinion of Mills and Jones (1996) ranges of sufficiency are most commonly used in assessment of plant nutrition. In the present work the satisfactory N concentration for winter barley at tillering was found to be 3.70-5.80%, which deviated somewhat from the optimum N concentrations given by other authors. Fageria (2014) determined a very narrow range of satisfactory N concentrations (4.7-5.1%), while Reuter and Robinson (1997) reported a fairly wide range (2.5-5.0%). Under Hungarian conditions Elek and Kádár (1980) established a value of 4.70-5.25 N%. On this soil, which is well supplied with P, rising N supplies only led to a significant increase in the P content of barley in two years. According to Kádár and Csathó (2015) better N supplies reduced the P concentration of winter barley in the tillering phase, while in the present work the maximum P concentration was recorded in the N 2 treatment. Sanchez (2007) considers the value above 0.4 P concentration satisfactory. Both Elek and Kádár (1980) and Kádár (2012) stated that a P concentration of 0.4-0.5% represented satisfactory P supplies in winter barley, while a value of 0.45-0.75% was found in the present work and Reuter and Robinson (1997) reported an optimum range of 0.3-0.6%. In agreement with the present results, Kádár (2012) and Kádár and Csathó (2015) reported that better N supplies stimulated the cation uptake of winter barley. A K concentration of 4.2-5.0% was found by Elek and Kádár (1980) to represent satisfactory K nutritional status in winter barley at tillering, while this was later modified by Kádár (2012) to 3-4%. Reuter and Robinson (1997) considered a wider range of values to be acceptable (3.5-5.0 K%), the same range as found in the present work. If the Na concentration of barley in the tillering phenophase was higher than 0.8%, this was judged by Reuter and Robinson (1997) The present results showed that the satisfactory Na content for winter barley at tillering was 0.20-0.60%. In the case of Ca and Mg the present results were in good agreement with the limiting values given in the literature. Barczak (2008) has demonstrated that higher N supplies generally increased the content of macroelements in winter barley biomass in all the plant growth stages assayed. Kádár and Lásztity (1981) emphasised that nutrient ratios only provide information on the relative quantities of two nutrients, not on the actual quantity of the individual nutrients, so the knowledge of ratios alone is insufficient to determine whether the nutrients are present in optimum, excessive or deficient quantities. The quantity of a given nutrient in the plant depends on the available supplies of other nutrients and on the interactions between them (Füleky et al., 1999) . Elek and Kádár (1980) pointed out that nutrient ratios are more constant and less dependent on plant age than the concentrations. Between N and P nutrients are positive interaction, but their physiological effects are antagonists of each other. The present results suggest that a satisfactory N/P ratio is in the range of 7.7-8.2, which is similar to the value of 8.3 recommended by Reuter and Robinson (1997) , but lower than the 11.9-12.0 reported by Elek and Kádár (1980) . In the case of the N/K ratio, which is negative interaction, similar values were determined in the present work (1.1-1.2) to those given in the literature. According to Brar et al. (2011) the N/K interaction is dependent on the form of N supplied. The satisfactory N/Na ratio calculated from the present data (9.6-18.5) was higher than the 5-10 optimum reported by Reuter and Robinson (1997) . Higher ratios were also found for the N/Ca and N/Mg ratios (9.2-9.6 and 19.3-20.5, respectively) than those given by the same authors (5.0-8.3 and 16.6-17.5, respectively), while the K/Mg and Ca/Mg ratios found in the present work were similar to those given by Reuter and Robinson (1997) .
The limiting values for satisfactory macroelement concentrations and the associated nutrient ratios are presented for winter barley in the tillering phenophase in Table 5 . 
